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1. Introduction
There are many motivations for covariantly quantizing the superstring. As in any
theory, it is desirable to make all physical symmetries manifest in order to reduce the
amount of calculations and simplify any cancellations coming from the symmetry. A
second motivation comes from the desire to construct a quantizable sigma model action
for the superstring in curved backgrounds with Ramond-Ramond flux. A third motivation
is that a more symmetrical formulation of superstring theory may shed light on some of
the mysteries of M-theory.
Although the light-cone Green-Schwarz (GS) formalism [1] has been useful for comput-
ing four-point tree-level and one-loop amplitudes, it is impractical for computing higher-
point or higher-loop amplitudes because of dependence on the locations of the light-cone
interaction points. Using the covariant RNS formalism, one can easily compute N-point
tree-level and one-loop amplitudes involving bosons, but amplitudes involving fermions
are complicated by the presence of spin fields [2]. Furthermore, lack of manifest spacetime
supersymmetry in the RNS expressions complicates the analysis of finiteness properties
and, for more than one-loop, leads to picture-changing problems.
For more than 15 years, a classical super-Poincare´ covariant version of the GS for-
malism [3] has existed. But until the recent work described here, quantization problems
have prevented this formalism from being used to compute non-vanishing scattering am-
plitudes. In this review, the covariant GS formalism is quantized by constructing a BRST
operator from the fermionic constraints and a bosonic pure spinor ghost variable. After
constructing physical massless vertex operators, N-point tree amplitudes are computed for
the first time in a manifestly ten-dimensional super-Poincare´ covariant manner.
In previous papers, this author has discussed quantization of the superstring com-
pactified to four [4] or six [5] dimensions using “hybrid” variables which combine four or
six-dimensional GS variables with a c = 9 or c = 6 superconformal field theory for the
compactification. These hybrid formalisms have manifest four or six-dimensional super-
Poincare´ covariance, N=2 worldsheet supersymmetry, and are related to the usual RNS
formalism by a field redefinition. Unfortunately, the precise relation between these hy-
brid formalisms and the new ten-dimensional super-Poincare´ covariant formalism is still
unclear, so this review will not discuss the hybrid formalisms.
In section 2 of this paper, the covariant GS formalism will be reviewed using the
approach of Siegel [6] where the canonical momentum to θα is an independent variable.
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In section 3, it will be argued [7] that a bosonic pure spinor variable, λα, plays the role
of the worldsheet ghost in this formalism, and a BRST operator is constructed out of
the fermionic constraints and λα. In section 4, physical massless vertex operators will
be constructed and, in section 5, they will be used to compute N-point tree amplitudes
[7][8]. These amplitudes are manifestly super-Poincare´ covariant and involve integration
over an on-shell ‘harmonic’ superspace including five θ’s and three λ’s. In section 6, the
cohomology of the BRST operator is shown to reproduce the light-cone GS spectrum [9].
In section 7, this quantization method is generalized to curved supergravity backgrounds
[7] and the vertex operator is constructed for fluctuations around an AdS5×S
5 background
with Ramond-Ramond flux [10]. In section 8, some open problems and applications are
discussed.
2. Review of GS Formalism using the Approach of Siegel
In conformal gauge, the classical covariant GS action for the heterotic superstring is[3]
S =
∫
d2z[
1
2
ΠmΠ¯m +
1
4
Πmθ
αγmαβ∂¯θ
β −
1
4
Π¯mθ
αγmαβ∂θ
β] + SR (2.1)
where xm and θα are the d = 10 worldsheet variables (m = 0 to 9, α = 1 to 16), SR
describes the right-moving degrees of freedom for the E8 × E8 or SO(32) lattice, and
Πm = ∂xm + 1
2
θαγmαβ∂θ
β and Π¯m = ∂¯xm + 1
2
θαγmαβ∂¯θ
β are supersymmetric combinations
of the momentum. Note that γmαβ and γ
mαβ are 16 × 16 symmetric matrices satisfying
γ
(m
αβγ
n)βγ = 2ηmnδγα and are the off-diagonal blocks in the Weyl representation of the
32×32 ten-dimensional Γm-matrices. In what follows, the right-moving degrees of freedom
play no role and will be ignored. Also, all of the following remarks are easily generalized
to the Type I and Type II superstrings.
Since the action of (2.1) is in conformal gauge, it needs to be supplemented with
the Virasoro constraint T = −1
2
ΠmΠm = 0. Also, since the canonical momentum to θ
α
does not appear in the action, one has the Dirac constraint pα = δ L/δ∂0θ
α = 1
2
(Πm −
1
4θγm∂1θ)(γ
mθ)α where pα is the canonical momentum to θ
α. If one defines
dα = pα −
1
2
(Πm −
1
4
θγm∂1θ)(γ
mθ)α, (2.2)
one can use the canonical commutation relations to find {dα, dβ} = −γ
m
αβΠm, which implies
(since ΠmΠm = 0 is a constraint) that the sixteen Dirac constraints dα have eight first-class
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components and eight second-class components. Since the anti-commutator of the second-
class constraints is non-trivial (i.e. the anti-commutator is an operator Π+ rather than a
constant), standard Dirac quantization cannot be used since it would involve inverting an
operator. So except in light-cone gauge (where the commutator becomes a constant), the
covariant Green-Schwarz formalism cannot be easily quantized.
In 1986, Siegel suggested an alternative approach in which the canonical momentum
to θα is an independent variable using the free-field action [6]
S =
∫
d2z[
1
2
∂xm∂¯xm + pα∂¯θ
α]. (2.3)
In this approach, Siegel attempted to replace the problematic constraints of the covariant
GS action with some suitable set of first-class constraints constructed out of the super-
symmetric objects (Πm, dα, ∂θ
α) where
dα = pα −
1
2
(Πm −
1
4
θγm∂θ)(γmθ)α (2.4)
is defined as in (2.2) and is no longer constrained to vanish. The first-class constraints
should include the Virasoro constraint T = −12Π
mΠm−dα∂θ
α = −12∂x
m∂xm−pα∂θ
α, and
the first-class part of the dα constraint, which is the irreducible part of G
α = Πm(γmd)
α.
To get to light-cone gauge, one also needs constraints such as Cmnp = dα(γ
mnp)αβdβ
which is supposed to replace the second-class constraints in dα. Although this approach
was successfully used for quantizing the superparticle [11], a set of constraints which closes
at the quantum level and which reproduces the correct physical superstring spectrum was
never found.
Nevertheless, the approach of Siegel has the advantage that all worldsheet fields are
free which makes it trivial to compute the OPE’s that
xm(y)xn(z)→ −2ηmn log |y − z|, pα(y)θ
β(z)→ δβα(y − z)
−1. (2.5)
This gives some useful clues about the appropriate ghost degrees of freedom. Since (θα, pα)
contributes −32 to the conformal anomaly, the total matter contribution is −22 which is
expected to be cancelled by a ghost contribution of +22. Furthermore, the spin contribu-
tion to the SO(9, 1) Lorentz currents in Siegel’s approach is Mmn =
1
2pγmnθ, as compared
with the spin contribution to the SO(9, 1) Lorentz currents in the RNS formalism which
is ψmψn. These two Lorentz currents satisfy similar OPE’s except for the numerator in
the double pole of Mmn with Mmn, which is +4 in Siegel’s approach and +1 in the RNS
formalism. This suggests that the worldsheet ghosts should have Lorentz currents which
contribute −3 to the double pole.
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3. Quantization using Pure Spinors
In fact, there exists an SO(9, 1) irreducible representation contributing c = 22 and
with a −3 coefficient in the double pole of its Lorentz current [7]. This representation is a
complex bosonic spinor λα satisfying the “pure spinor” condition that
λαγmαβλ
β = 0 (3.1)
for m = 0 to 9. Pure spinors have previously been used by Howe [12] for describing
super-Yang-Mills and supergravity equations of motion as integrability conditions, and by
Nilsson [13] as superspace auxiliary fields.
There are eleven independent complex degrees of freedom in λα, as can be seen by
temporarily breaking SO(9, 1) to SO(8) and solving the constraint of (3.1). If γ± =
1
2 (γ
0±γ9) and σjaa˙ are the SO(8) Pauli matrices satisfying σ
(j
aa˙σ
k)
ab˙
= 2δjkδa˙b˙ for (j, a, a˙) = 1
to 8, then λγ−λ = 0 implies that sa = (γ+λ)a is a null complex SO(8) spinor satisfying
sasa = 0. Furthermore, λγjλ = 0 implies that saσjaa˙(γ
−λ)a˙ = 0, which implies that
(γ−λ)a˙ = vj(σjs)a˙ for some complex vector vj. λγ+λ = 0 gives no new constraints on
sa and vj. But this parameterization of λα is invariant under the gauge transformation
δvj = ǫa˙(σjs)a˙, which allows one to gauge away half of the components of vj. So a
pure spinor λα can be parameterized by the seven complex components of a null sa and
the four remaining complex components of vj [9]. After Wick rotation to SO(10), one
can alternatively describe λα as a complex scale parameter multiplying the complex ten-
dimensional coset space SO(10)/U(5) [7].
Using either the SO(8) or SO(10)/U(5) descriptions of λα, a free field action Sλ can
be constructed out of the eleven left-moving unconstrained parameters and their canonical
momenta with conformal anomaly c = 22. Although the unconstrained parameters do
not transform covariantly under SO(9, 1), the only combinations which appear in the
vertex operators are λα and its Lorentz current Nmn, which satisfy the manifestly SO(9,1)
covariant OPE’s
Nmn(y)λ
α(z)→
1
2
(γmnλ)α
y − z
, Nkl(y)Nmn(z)→
ηm[lNk]n − ηn[lNk]m
y − z
− 3
ηk[nηm]l
(y − z)2
. (3.2)
One can alternatively obtain the OPE’s of (3.2) from an SO(9,1) WZW model of level −3,
however, λa would not be a fundamental field in such an action [14].
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One still needs to define which states are physical in this Hilbert space. The physical
state condition will be defined as ghost-number one states in the cohomology of the BRST-
like operator [7]
Q =
∫
dzλα(z)dα(z) (3.3)
where λα carries ghost-number one and dα is defined in (2.4). Since dα satisfies the
OPE dα(y)dβ(z) → −(y − z)
−1γmαβΠm, the pure spinor condition on λ
α implies that Q is
nilpotent. Although it is a bit unusual that Q is constructed from second-class constraints,
it will be shown in section 5 that its cohomology reproduces the correct light-cone GS
spectrum.
4. Physical Massless Vertex Operators
Since there is no tachyon, the massless open superstring state is constructed from zero
modes of the dimension-zero worldsheet fields xm,θα, and λα. Since it has ghost-number
one, it can be written as [7]
U = λαAα(x, θ) (4.1)
where Aα(x, θ) is a spinor superfield. Since dα(y)Aβ(x, θ) → (y − z)
−1DαAβ(x, θ) where
Dα =
∂
∂θα
+ (γmθ)α∂m is the superspace derivative, QU = 0 implies that λ
αλβDαAβ = 0.
But since λαλβ = 132 (γ
mnpqr)αβ(λγmnpqrλ), this implies that (γmnpqr)
αβDαAβ = 0 for
every five-form direction mnpqr. Furthermore, the gauge invariance δU = QΩ implies
that Aα has the gauge transformation δAα = DαΩ.
The equation (γmnpqr)
αβDαAβ = 0 and gauge invariance δAα = DαΩ describe the
spinor gauge superfield for linearized on-shell d = 10 super-Yang-Mills [15]. It can be
gauge-fixed to the form
Aα(x, θ) = am(x)(γ
mθ)α + (ξ(x)γmnp)α(θγ
mnpθ) + ... (4.2)
where am(x) and ξ
α(x) are the on-shell gluon and gluino and all the components in ... are
auxiliary fields which are related to am and ξ
α by equations of motion.
To compute scattering amplitudes, one also needs vertex operators in integrated form,∫
dzV , where V is usually obtained from the unintegrated vertex operator U by anti-
commuting with the b ghost. But since there is no natural candidate for the b ghost in
this formalism, one needs to use an alternative method for obtaining V which is from the
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relation [Q, V ] = ∂U [16]. Using this alternative method, one finds for the open superstring
massless vertex operator that [7]
V = Aα(x, θ)∂θ
α + Am(x, θ)Π
m +Wα(x, θ)dα + F
mn(x, θ)Nmn, (4.3)
where Am =
1
8γ
αβ
m DαAβ , W
α = 110γ
αβ
m (DβA
m − ∂mAβ), and F
mn = ∂[mAn]. It will be
useful to note that in components,
V = am(x)∂x
m + ∂[man](x)M
mn + ξα(x)qα +O(θ
2), (4.4)
where Mmn = 1
2
pγmnθ + Nmn is the spin contribution to the Lorentz current and
qα = pα +
1
2 (∂x
m + 112θγ
mθ)(γmθ)α is the spacetime-supersymmetry current, so (4.4)
closely resembles the RNS vertex operator [2] for the gluon and gluino. If one drops the
FmnNmn term, the vertex operator of (4.3) was suggested by Siegel [6] based on superspace
arguments.
For the closed superstring, the massless vertex operator is U = λαλ̂β̂A
αβ̂
(x, θ, θ̂) where
λ̂α̂ and θ̂α̂ are right-moving worldsheet fields and the chirality of the α̂ index depends if the
superstring is IIA or IIB. The physical state condition QU = Q̂U = 0 and gauge invariance
δU = QΩ̂ + Q̂Ω where Q̂Ω̂ = QΩ = 0 implies that [10]
γαβmnpqrDαAβγ̂ = γ
α̂γ̂
mnpqrD̂α̂Aβγ̂ = 0, δAαβ̂ = DαΩ̂β̂ + D̂β̂Ωα, (4.5)
γαβmnpqrDαΩβ = γ
α̂γ̂
mnpqrD̂α̂Ω̂γ̂ = 0
for any five-form direction mnpqr, which are the linearized equations of motion and gauge
invariances of the Type IIA or Type IIB supergravity multiplet. The integrated form of the
closed superstring massless vertex operator is the left-right product of the open superstring
vertex operator of (4.3) and will be used in section 7 for quantizing the superstring in a
curved supergravity background.
5. Tree-Level Massless Scattering Amplitudes
As usual, the N -point tree-level open superstring scattering amplitude will be defined
as the correlation function of 3 unintegrated vertex operators Ur and N − 3 integrated
vertex operators
∫
dzVr. For massless external states, these vertex operators are given in
(4.1) and (4.3).
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The first step to evaluate the correlation function is to eliminate all worldsheet fields
of non-zero dimension (i.e. ∂xm, ∂θα, pα and N
mn) by using their OPE’s with other
worldsheet fields and the fact that they vanish at z → ∞. One then integrates over the
xm zero modes to get a Koba-Nielson type formula,
A =
∫
dz4...dzN 〈λ
αλβλγfαβγ(zr, kr, ηr, θ)〉 (5.1)
where λαλβλγ comes from the three unintegrated vertex operators and fαβγ is some func-
tion of the zr’s, the momenta kr, the polarizations ηr, and the remaining θ zero modes.
One would like to define the correlation function 〈λαλβλγfαβγ〉 such that A is super-
symmetric and gauge invariant. An obvious way to make A supersymmetric is to require
that the correlation function vanishes unless all sixteen θ zero modes are present, but this
gives the wrong answer by dimensional analysis. The correct answer comes from realizing
that Y = λαλβλγfαβγ satisfies the constraint QY = 0 since the external states are on-shell.
Furthermore, gauge invariance implies that 〈Y 〉 should vanish whenever Y = QΩ.
At zero momentum and ghost-number three, there is precisely one state in the coho-
mology of Q which is (λγmθ)(λγnθ)(λγpθ)(θγmnpθ). So if
fαβγ(θ) = Aαβγ + θ
δBαβγδ + ...+ (γ
mθ)α(γ
nθ)β(γ
pθ)γ(θγmnpθ)F + ..., (5.2)
it is natural to define
〈λαλβλγfαβγ(zr, kr, ηr, θ)〉 = F (zr, kr, ηr). (5.3)
This definition is supersymmetric since (λγmθ)(λγnθ)(λγpθ)(θγmnpθ)θ
α is not annihilated
by Q, and is gauge invariant since (λγmθ)(λγnθ)(λγpθ)(θγmnpθ) 6= QΩ. Note that (5.3)
can be interpreted as integration over an on-shell harmonic superspace involving five θ’s
since 〈λαλβλγfαβγ〉 =
∫
(dθγm)
α(dθγn)
β(dθγp)
γ(dθγmnpdθ)fαβγ [7].
For three-point scattering, A = 〈λaA1αλ
βA2βλ
γA3γ〉, it is easy to check that the pre-
scription of (5.3) reproduces the usual super-Yang-Mills cubic vertex. In the gauge of
(4.2), each Aα contributes one, two or three θ’s. If the five θ’s are distributed as (1, 1, 3),
one gets the a1ma
2
n∂
[ma3n] vertex, whereas if they are distributed as (2, 2, 1), one gets the
(ξ1γmξ2)a3m vertex. Together with Brenno Vallilo, it was proven that the above prescrip-
tion agrees with the standard RNS prescription of [2] for N-point massless tree amplitudes
involving up to four fermions [8]. The relation of (4.4) to the RNS massless vertex operator
was used in this proof, and the restriction on the number of fermions comes from the need
for different pictures in the RNS prescription.
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6. Cohomology of Q
To compute the cohomology of Q =
∫
dzλαdα, it is convenient to use the SO(8)
parameterization of λα in terms of sa and vj discussed in section 3. The gauge invariance
δvj = ǫa˙(σjs)a˙ leads to a new fermionic ghost anti-chiral spinor ta˙, and the invariance of
the gauge parameter, δǫa˙ = yj(σjs)a˙, leads to a new bosonic ghost-for-ghost vector vj(1).
These gauge invariances continue indefinitely until one has an infinite chain of bosonic
vectors vj(n) and fermionic anti-chiral spinors t
j
(n) for n = 0 to ∞ where n = 0 labels the
original vector and spinor [9].
In terms of these left-moving dimension-zero worldsheet fields, Q =
∫
dzsaGa where
Ga = (γ−d)a + σaa˙j [v
j
(0)(γ
+d)a˙ +
∞∑
n=0
(wj(n)t
a˙
(n) + v
j
(n+1)u
a˙
(n))],
(wj(n), u
a˙
(n)) are the canonical momenta for (v
j
(n), t
a˙
(n)), and the infinite sum comes from the
gauge invariances. Note that Q2 = 0 since sasa = 0 and Ga(y)Gb(z)→ 2(y− z)−1δabT (z)
where
T =
1
2
Π− + vjΠj +
1
2
vjvjΠ+ + ta˙(0)(γ
+d)a˙ +
∞∑
n=0
(vj(n+1)w
j
(n) + t
a˙
(n+1)u
a˙
(n)).
One can treat sasa = 0 as a BRST constraint by defining Q′ =
∫
dz[saGa−bsasa+cT ]
where (b, c) are fermionic ghosts of dimension (1, 0). One can check that Q′ is nilpotent
with unconstrained sa, and has cohomology equal to that of Q. Note that the algebra of Ga
and T is not the usual N = 8 superconformal algebra since, for example, T has dimension
1 and commutes with Ga. Nevertheless, since T and Ga are first-class constraints, they
can be used to gauge-fix x+ = P+τ and (γ+θ)a = 0, and solve for x− and (γ−p)a.
The only remaining constraint is that physical operators must commute with the zero
mode of T , which in this light-cone gauge is T0 +
1
2
P− where
T0 =
∫
dz[−
1
2
θγ−∂θ+ vj(0)∂x
j +
1
2
vj(0)v
j
(0)P
+ + ta˙(0)(γ
+d)a˙+
∞∑
n=0
(vj(n+1)w
j
(n) + t
a˙
(n+1)u
a˙
(n))]
and a Lorentz frame has been chosen in which P j = 0 for j = 1 to 8. So physical operators
are constructed from products of eigenvectors of T0 whose (mass)
2 = P+P− is equal
to the sum of the eigenvalues multiplied by −2P+. Since T0 is quadratic, the bosonic
8
and fermionic eigenvectors with eigenvalues N , aN and bN , can be expressed as linear
combinations of the remaining light-cone variables,
aN =
∫
dσ[f jN∂x
j +
∞∑
n=0
(gj
N(n)v
j
(n) + h
j
N(n)w
j
(n))],
bN =
∫
dσ[ja˙N(γ
+p)a˙ + ka˙N (γ
−θ)a˙ +
∞∑
n=0
(la˙N(n)t
a˙
(n) +m
a˙
N(n)u
a˙
(n))].
If one requires that these eigenvectors satisfy the normalization condition that
∫
dσ(f jNf
j
N+∑∞
n=0 g
j
N(n)h
j
N(n)) and
∫
dσ(ja˙Nk
a˙
N +
∑∞
n=0 l
a˙
N(n)m
a˙
N(n)) are finite, one finds that the only
normalizable eigenvectors are the modes of
yj = ∂xj +
∞∑
n=0
(P+)−n−1∂n+1wj(n), q
a˙ = (γ+p−
1
2
P+γ−θ)a˙ +
∞∑
n=0
(P+)−n−1∂n+1ua˙(n).
These eight bosonic and eight fermionic eigenvectors generate the usual light-cone GS
spectrum. So the T0 constraint has imposed the second-class constraints as well as the
mass-shell condition. It is interesting to note that an infinite set of fields has also been
useful for treating the second-class constraints of the chiral boson [17] and the self-dual
Type IIB four-form [18].
7. Superstring in AdS5 × S
5 Background
To construct the superstring action in a curved Type II supergravity background,
one adds the integrated form of the closed massless vertex operator of section 4 to
the superstring action in a flat background, and covariantizes with respect to super-
reparameterization invariance. As usual, one also needs to include a Fradkin-Tseytlin
term for coupling the dilaton to the worldsheet curvature r. The resulting action is [7][19]
S =
∫
d2z[
1
2
∂YM ∂¯Y N (GMN (Y ) +BMN (Y )) (7.1)
+∂¯YM d˜αE
α
M (Y ) + ∂Y
M ˜̂d
α̂
Eα̂M (Y ) + d˜α
˜̂
d
β̂
Fαβ̂(Y ) + α′rΦ(Y )] + Sλ + Sλ̂
where YM = (xm, θµ, θ̂µ̂) parameterizes the curved N=2 superspace background, the first
line of (7.1) is the usual GS action, d˜α = dα+Nmn(γ
mnD)α and
˜̂
d
α̂
= d̂
α̂
+ N̂mn(γ
mnD̂)
α̂
where Dα and D̂α̂ are N = 2 superspace derivatives which act on the background fields to
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their right, Sλ and Sλ̂ are the actions in a flat background for λ
α and λ̂α̂, and the lowest
components of the superfields Eαm and E
α̂
m are the gravitini, of F
αβ̂ are the Ramond-
Ramond field strengths, and of Φ is the dilaton. It is convenient to treat dα and d̂α̂
(instead of pα and p̂α̂) as fundamental worldsheet fields when the background is curved.
Although the above action does not have κ-symmetry, it is constructed such that λαdα and
λ̂α̂d̂
α̂
are holomorphic and anti-holomorphic currents when the background superfields are
on-shell. One can therefore quantize the action using Q =
∫
dzλαdα and Q̂ =
∫
dz¯λ̂α̂d̂
α̂
as in the flat case.
In the AdS5×S
5 background with n units of Ramond-Ramond flux, Fαβ̂ = nγαβ̂01234 =
nδαβ̂, so the term nδαβ̂dαd̂β̂ in (7.1) allows one to solve the equations of motion [20] for
dα and d̂α̂ in terms of (x
m, θα, θ̂α̂). Plugging in the appropriate values for the AdS5 × S
5
background superfields, one obtains [7][21] [22]
S =
1
n2g2s
∫
d2z[
1
2
ηcdJ
cJ¯d +
1
4
δ
αβ̂
(3J β̂J¯α − JαJ¯ β̂) +NcdJ
cd + N̂cdJ¯
cd] + Sλ + Sλ̂
where JA = (g−1∂g)A and J¯A = (g−1∂¯g)A with A = (a, α, α̂, cd) are left-invariant currents
constructed from the coset supergroup g(x, θ, θ̂) ∈ PSU(2,2|4)
SO(4,1)×SO(5) . This action is invariant
under g →MgΩwhereM is a global PSU(2, 2|4) transformation and Ω is a local SO(4, 1)×
SO(5) transformation which also acts as a Lorentz rotation on the pure spinors λα and
λ̂α̂. It has been checked to one-loop order [21] [14] that S is conformally invariant and that
λαdα = δαβ̂λ
αJ β̂ and λ̂α̂d̂
α̂
= δ
αβ̂
λ̂β̂ J¯α are holomorphic and anti-holomorphic currents.
To construct the vertex operator U = λαλ̂β̂A
αβ̂
for fluctuations around the AdS5×S
5
background, one needs to generalize the equations of motion and gauge invariances of
(4.5) as was done in [23] for the AdS3 × S
3 background. The flat space equations of (4.5)
can be generalized to AdS5 × S
5 by simply replacing Dα and D̂α̂ in (4.5) with ∇α =
EMα (∂M +ωM ) and ∇̂α̂ = E
M
α̂
(∂M +ωM ) where ω
cd
M = (g
−1∂Mg)
cd is the SO(4, 1)×SO(5)
spin connection and EMA is the super-vierbein obtained by inverting E
A
M = (g
−1∂Mg)
A
for A = (a, α, α̂). The equations of motion and gauge invariances are still self-consistent
since, although {∇α, ∇̂β̂} is non-zero in the AdS5 × S
5 background, one can check that
γαγmnpqr{∇α, ∇̂β̂}fγ = 0 and γ
β̂γ̂
mnpqr{∇α, ∇̂β̂}f̂γ̂ = 0 for any fγ and f̂γ̂ and for any five-form
direction mnpqr [10].
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8. Open Problems and Applications
In this review, it was argued that pure spinors are the worldsheet ghosts of the GS
formalism and that physical states are described by ghost-number one vertex operators
in the cohomology of Q =
∫
dzλαdα. Although these ideas were successfully used for
computing N-point tree amplitudes, a more geometrical understanding would be useful for
computing loop amplitudes where the ghosts play a more important role. In particular,
one would like to understand how to formulate the action in a reparameterization-invariant
manner and how the ghosts arise from the gauge-fixing procedure.
The relatively simple form of the vertex operator for fluctuations around the AdS5 ×
S5 background suggests that it might be possible to compute tree amplitudes in this
background. Although the currents JA are not holomorphic since ∂¯JA = hABCJ
BJ¯C
where hABC are constants [24] [20], conformal invariance together with the AdS isometries
may be enough to imply their OPE’s. Of course, even knowing these OPE’s, one would
still have to compute the zero mode contribution from (xm, θµ, θ̂µ̂) to the tree amplitude,
which might be complicated in an AdS5 × S
5 background [25].
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